Otx genes are expressed in the anterior neural tube and endoderm in all of the chordates so far examined. In mouse embryos, important roles of otx genes in the brain development have been well documented. However, roles of otx genes in other chordate species have been less characterized. To advance our understanding about roles of otx genes in chordates, we have studied Hroth, otx of the ascidian, Halocynthia roretzi. Hroth is expressed in the anterior part of the neural tube (the sensory vesicle), the endoderm and anterior epidermis in the development. In this study, we investigated roles of Hroth in the larval development through an antisense morpholino oligonucleotides (MOs) approach. Embryos injected with Hroth-targeting MO (Hroth knockdown embryos) developed into larvae without the adhesive organ, sensory pigment cells and cavity of the sensory vesicle. The tissues, in which defects were observed, are derived from anterior-animal cells of the embryo in early cleavage stages. During cleavage stages, Hroth is also expressed in the endoderm precursors of the vegetal hemisphere. However, Hroth expression in the anterior endoderm precursors do not seem to be essential for the above defects, since MO injection into the anterior-animal but not anterior-vegetal pair cells at the 8-cell stage gave the defects. Analysis of marker gene expression demonstrated that the fate choice of the sensory vesicle precursors and the specification of the sensory vesicle territory occurred normally, but the subsequent differentiation of the sensory vesicle was severely affected in Hroth knockdown embryos. The anterior trunk epidermis including the adhesive organ-forming region was also affected, indicating that anterior epidermal patterning requires Hroth function. Based on these findings, similarities and differences in the roles of otx genes between ascidians and mice are discussed. q
Introduction
orthodenticle (otd) and its homologues, otx genes, have been regarded as evolutionally well-conserved homeobox genes that specify anterior body regions and sense organs, and a number of otd/otx genes have been isolated from a variety of animals (Klein and Li, 1999) . In all chordates so far examined, otx genes are expressed in the anterior neural tube and endoderm (Germot et al., 2001; Williams and Holland, 1998) . In mouse, function of Otx genes has been studied by gene knockout approaches. Otx2 null mutants lack head structures, including the forebrain, midbrain and anterior hindbrain (Acampora et al., 1995; Ang et al., 1996; Matsuo et al., 1995) . Further analyses have shown that Otx2 is required for the visceral endoderm to move anteriorly to induce the anterior neural plate. In addition, otx plays a critical role in the development of forebrain and midbrain territories (Kimura et al., 2000; Perea-Gomez et al., 2001; Rhinn et al., 1998) . More recent analysis has shown that Otx2 is also involved in the differentiation of the epiblast, which subsequently induces properties of the anterior visceral endoderm (Kimura et al., 2001) . Otx1 null mutants exhibit defects in the telencephalon, mesencephalon and cerebellum (Acampora et al., 1996; Suda et al., 1996) . Analysis of mutant mice carrying different doses of Otx genes has revealed that Otx1 and Otx2 are cooperatively involved in early specification of mesencephalon and adjacent regions (Acampora et al., 1997; Suda et al., 1996 Suda et al., , 1997 .
In contrast to detailed functional analyses of mouse Otx genes in brain development, function of otx genes in other vertebrate species is largely unknown. In Xenopus embryos, overexpression experiments have shown that Xotx2 controls cement gland differentiation (Gammill and Sive, 1997; Sive and Bradley, 1996) . In zebrafish embryos, overexpression experiments have suggested that zOtx1 controls cell adhesion during morphogenesis of the brain (Bellipanni et al., 2000) .
Ascidians belong to the first diverged group among the three sister groups of the phylum Chordata (Wada and Satoh, 1994) . Ascidian embryos have many advantages for exploring developmental mechanisms, such as welldescribed cell lineages, low genetic redundancy and the ease of carrying out manipulation and gene transfer (Corbo et al., 2001; Satoh, 2001 Satoh, , 2003 . Thus, ascidian embryos are expected to serve as a model system to investigate the basic developmental mechanisms of chordates.
The neural tube of ascidian larvae is composed of about 340 cells and can be divided into four morphologically distinct regions along the anteroposterior axis (Nicol and Meinertzhagen, 1991) . The sensory vesicle, the anteriormost subdivision with a single large cavity, contains the sensory pigment cells and most of the neurons in the neural tube. The sensory vesicle has been proposed to be homologous to vertebrate forebrain and midbrain (Wada et al., 1998) . The sensory vesicle is connected to the visceral ganglion by ependymal cells of the neck, which has been proposed to be homologous to the anterior-most part of the hindbrain or the region including both the anterior hindbrain and midbrain of vertebrates (Wada et al., 1998) . The visceral ganglion, locating at the junction between the trunk and tail, contains putative motor neurons (Okada et al., 2001 (Okada et al., , 2002 . The caudal neural tube, running along length of the tail, is composed of ependymal cells. The visceral ganglion and the caudal neural tube have been proposed to be homologous to the posterior hindbrain and the spinal cord of vertebrates, respectively (Wada et al., 1998) .
To understand the mechanism of neural tube formation in ascidian embryos, we have isolated Hroth, the otx gene of the ascidian, Halocynthia roretzi (Wada et al., 1996b) . Hroth is expressed in the cells of the sensory vesicle and adhesive organ lineages from the 32-cell stage through the swimming larva stage, although the expression in the adhesive organ lineage becomes undetectable at the early to middle tailbud stages. These Hroth expressing cells are derived from the a4.2 (anterior-animal) pair cells of the 8-cell stage embryos. Expression of Hroth is also evident in the endoderm precursors and some mesodermal precursors from the 32-cell stage through the early neurula stage. These Hroth expressing cells are derived form the A4.1 (anteriorvegetal) pair cells. In addition, expression of Hroth is detected in the anterior trunk epidermis, derived from anterior-animal cells, from the neural plate stage through the swimming larva stage (Wada et al., 1996b) .
Previously, we have investigated Hroth function during embryogenesis by overexpression experiments . Overexpression by Hroth mRNA injection induces ectopic expression of markers for neural tube formation and represses the expression of an epidermis marker. This suggests that Hroth promotes sensory vesicle precursor cells to follow the neural fate at an early stage of development . However, since Hroth expression in the sensory vesicle lineage continues until later stages, Hroth is expected to play additional roles in other steps of sensory vesicle development. In addition, a role of Hroth in the anterior trunk epidermis remains unclear.
To address these questions, we took a loss-of-function approach. Recently, it has been reported that morpholino oligonucleotide (MO)-based translational inhibition of Ciona savignyi otx gene (Cs-otx) results in larvae with defects in the sensory vesicle and adhesive organ (Satou et al., 2001 ). More recently, we have reported an essentially identical phenotype of larvae injected with Hroth MO . However, the former mainly focused on a possible role of Cs-otx in the endoderm development and the latter concentrated on transcriptional control of a single sensory vesicle-specific gene by Hroth. Therefore, we report here detailed analyses of Hroth knockdown embryos to further understand the roles of Hroth in the larval development, especially in the neural development. We have shown that regional differentiation but not early specification of the sensory vesicle is severely affected in Hroth knockdown embryos. We have also demonstrated that formation of the adhesive organ and patterning of the anterior epidermis are impaired in Hroth knockdown embryos. In the light of the present findings, similarities and differences in the otx function between ascidians and mice will be discussed.
Results

Development of anterior part of the ectodermal tissues is affected by antisense morpholino oligonucleotide-based translational inhibition of Hroth
To assure the specificity of morpholino oligonucleotide (MO) effects, two MOs, HrothMO1 and HrothMO2 that target distinct non-overlapping sites of Hroth mRNA, were prepared. The target site of HrothMO1 covers the initiation codon and subsequent sequence, while that of HrothMO2 locates in the 5 0 UTR of Hroth mRNA. We confirmed their ability to inhibit translation by control experiments (for details, see Section 4).
We injected HrothMO1 or HrothMO2 into fertilized eggs to achieve final concentration of 1, 5 and 10 mM and reared them up to the equivalent of swimming larva stage. As negative control, we injected the 'standard control oligo' supplied by Gene Tools and found that embryos injected with it at the final concentration of 10 mM or lower developed normally (Fig. 1A) . All eggs injected with either HrothMO1 or HrothMO2 at 1 mM developed into normal larvae ( Fig. 1B for HrothMO1 ; data not shown for HrothMO2), while a portion (10 and 8% for HrothMO1 and HrothMO2, respectively) of eggs injected at 5 mM developed into larvae with a weak phenotype, including shortening of the trunk without palps of the adhesive organ ( Fig. 1C for HrothMO1 ; data not shown for HrothMO2). On the other hand, injection of either of HrothMOs at 10 mM always resulted in larvae with severe anterior defects ( Fig. 1D for HrothMO1; data not shown for HrothMO2). The trunk of the injected larvae was round-shaped and palps of the adhesive organ, which would otherwise form at the anterior tip of the trunk, were absent (Fig. 1D ). In addition, the sensory pigment cells and the cavity of the sensory vesicle were missing (Fig. 1D ). HrothMO1 and HrothMO2 gave essentially the same phenotype, which is distinct from those observed with MOs targeting other developmental genes such as HrzicN, HrBra, a b-catenin homologue, or macho-1 Wada et al., unpublished data) . Thus, the present results suggest that the normal development of the sensory vesicle as well as the adhesive organ depends on Hroth protein function. Injection of HrothMOs into eggs to give a final concentration higher than 10 mM resulted in a phenotype similar to that obtained by injection at the final concentration of 10 mM (data not shown). Therefore, in the following experiments, embryos injected with HrothMO1 at the final concentration of 10 mM at the 1-cell stage were referred to as 'Hroth knockdown embryos'.
Hroth knockdown embryos appeared normal until the gastrula stage but thereafter various defects became evident. The first sign was developmental delay. In normal embryos, neurulation is complete at the late neurula stage, while in Hroth knockdown embryos neurulation was not complete until around the equivalent of middle tailbud stage. Thus, Hroth knockdown embryos looked like late neurulae at the equivalent of middle tailbud stage (see specimens in Fig. 3 or 4) . Then, tail elongation started and became complete at the equivalent of swimming larva stage, although the tail sometimes creased (Fig. 1D) .
During cleavage stages, Hroth is expressed not only in the animal hemisphere cells but also in vegetal hemisphere cells (Wada et al., 1996b) . We examined Hroth knockdown embryos for alkaline phosphatase activity as a marker for the endoderm differentiation (Nishida, 1993) at the equivalent of swimming larva stage, and found that the development of the endoderm was normal in Hroth knockdown embryos (data not shown). This observation was consistent with the recent report, in which MO-based translational inhibition of Cs-otx, the otx gene of Ciona savignyi, gave rise to embryos positive for the endoderm marker, but lacking the sensory pigment cells and the adhesive organ (Satou et al., 2001 ). The notochord also formed in Hroth knockdown embryos, as revealed by the expression of HrBra (Yasuo and Satoh, 1993) at the equivalent of gastrula stage (data not shown) and by the morphology at the equivalent of swimming larva stage (Fig. 1D) . Expression of muscle actin suggested that muscle development is normal in Hroth knockdown embryos (data not shown).
Anterior developmental defects caused by HrothMO likely stems from interference of translation of Hroth mRNA in animal but not vegetal cells
Because it has been shown that inductive influences from the vegetal cells, particularly anterior-vegetal cells are essential for the anterior-animal cells to form the sensory vesicle and the adhesive organ (Darras and Nishida, 2001; Nishida and Satoh, 1989; Okado and Takahashi, 1988; , Hroth expression in the vegetal cells might be involved in induction of the sensory vesicle and, thus, the above-mentioned phenotype might be solely due to the loss of Hroth function in the vegetal cells. To test this possibility, anterior-vegetal (A4.1 pair) or anterior-animal cells (a4.2 pair) of the 8-cell stage embryos were injected with HrothMO1 or HrothMO2 at 10 mM and reared up to the equivalent of swimming larva stage. Like Hroth knockdown larvae, those developing from embryos in which the a4.2 pair was injected with the MO lacked both the sensory pigment cells and the adhesive organ (Fig. 1E ), while A4.1-injected larvae possessed pigment cells and adhesive papilla (Fig. 1F ), although some of the larva had a creased tail (Fig. 1F) . Therefore, loss of Hroth function in the anterior-animal but not anterior-vegetal cells seems to be essential for producing the phenotype observed in Hroth knockdown embryos.
Specification of the sensory vesicle occurs normally but differentiation of the sensory vesicle is altered in Hroth knockdown embryos
Because Hroth knockdown embryos exhibited defects in the sensory vesicle at the equivalent of the swimming larva stage, we investigated the development of the sensory vesicle by analyzing the expression of genes that are involved in formation of the neural tube. First, we addressed whether initial neural specification occurs in Hroth knockdown embryos by examining expression of HrzicN, a zic related gene , and HrEpiG (Ishida et al., 1996) as markers for the neuroectoderm and epidermis precursors, respectively, at the equivalent of early gastrula stage. In uninjected control embryos, HrzicN was expressed in all of the sensory vesicle precursors and the b-line caudal neural tube precursors, while HrEpiG was expressed exclusively in all the epidermis precursors ( Fig. 2A -C) . Expression patterns of the two genes were unchanged in Hroth knockdown embryos ( Fig. 2D -F) . These results suggest that in Hroth knockdown embryos, the sensory vesicle precursors adopt the neural fate, excluding epidermal fate, just like in normal embryos. Next, we examined expression of Hroth itself in Hroth knockdown embryos at the equivalent of the middle tailbud stage to assess formation of the sensory vesicle territory. We found that Hroth was expressed in the anterior part of the neural tube, although the Hrothexpressing domain was smaller than that in control embryos (Fig. 3A,B) . Therefore, so far as Hroth expression concerns, the anterior part of the neural tube seems to be specified as the sensory vesicle territory in Hroth knockdown embryos at the middle tailbud stage. This suggests that Hroth does not require its own function for the onset of its expression in the anterior neural tube.
To further investigate development of the neural tube in Hroth knockdown embryos, expression of HrTBB2 (H. roretzi b-tubulin gene; Miya and Satoh, 1997 ) was examined at the equivalent of the middle tailbud stage. Normally, HrTBB2 is expressed strongly in the entire sensory vesicle, the visceral ganglion and some epidermal neurons in the tail (Fig. 3C) . In Hroth knockdown embryos, HrTBB2 expression was reduced in the putative sensory vesicle territory (Fig. 3D) . Expression was detected in a few cells at the anterior end of the putative sensory vesicle territory (a smaller arrow in Fig. 3D ) and the posterior part of the territory (a larger arrow in Fig. 3D ). More posteriorly, some signals were localized at the junction between the trunk and tail, the position corresponding to the visceral ganglion (an arrowhead in Fig. 3D ), and others seemed to represent expression in epidermal neurons (Fig. 3D) . These results indicated that differentiation of the sensory vesicle territory but not the more posterior part of the neural tube was affected by the knockdown of Hroth.
We also examined expression of HrTYR, a sensory pigment cell-specific gene encoding tyrosinase (Sato et al., 1997) at the equivalent of middle tailbud stage. In uninjected control embryos, expression of HrTYR was detected in a pair of the sensory pigment cells (Fig. 3E) . By contrast, the expression was lost in Hroth knockdown embryos (Fig. 3F) . In our previous report, we examined expression of HrTRP, another marker gene for the sensory pigment cells as well as the sensory vesicle cells at the tailbud stage (Sato et al., 1999) and found that HrTRP expression was severely reduced in Hroth knockdown embryos . These observations point to the loss of the sensory pigment cells in Hroth knockdown embryos at the equivalent of swimming larva stage. Altogether, these results indicated that differentiation of the sensory vesicle territory, including formation of the sensory pigment cells, is altered by the knockdown of Hroth.
Regional specification of the sensory vesicle is abnormal in Hroth knockdown embryos
We next examined expression of regulatory genes that are expected to be involved in regional specification of the neural tube. HrPax37 (the ascidian homologue of vertebrate Pax3 and Pax7) (Wada et al., 1996a ) is expressed in the most anterior region of the neural tube, the posterior part of the sensory vesicle and in a pair of cells in the visceral ganglion at the middle tailbud stage (Fig. 4C) . With all embryos, anterior is to the top. (A,B) Hroth expression. In a control embryo (A), the expression is found in the sensory vesicle (arrowheads) and in the anterior epidermis (a brace). In an Hroth knockdown embryo (B), Hroth expression was detected in the anterior part of the neural tube (arrowheads), suggesting that the sensory vesicle territory was specified in this embryo. Expression in the anterior epidermis was also detected in this embryo (a brace), but the level of the expression was lower than that of a control embryo. (C,D) HrTBB2 expression. In a control embryo (C), HrTBB2 expression is detected in the anterior epidermis that later forms the adhesive organ (brace), the sensory vesicle (arrows), the visceral ganglion (an arrowhead) and epidermal neurons in the tail. In an Hroth knockdown embryo (D), HrTBB2 expression in the anterior epidermis was lost (a brace). The expression in the sensory vesicle was remarkably reduced and detected only in a pair of cells at the anterior tip (a small arrow) and in cells of the posterior part (a large arrow), while the expression in the visceral ganglion (an arrowhead) and epidermal neurons in the tail was detected. (E,F) HrTYR expression. In a control embryo (E), staining is found in two cells at the dorsal side (an arrow) that correspond to the sensory pigment cells. In an Hroth knockdown embryo (F), no signal was detected.
Hrlim (an ascidian LIM class homeobox gene) and HrHox-1 (the ascidian labial group Hox gene) are expressed in the visceral ganglion (Fig. 4A,H) . Hrlim is also expressed in two clusters of cells in the sensory vesicle. HrPax258 (the ascidian homologue of vertebrate Pax2, Pax5 and Pax8) (Wada et al., 1998) is expressed in the neck region (Fig. 4F) .
We found that expression patterns of these genes were altered exclusively in the sensory vesicle territory in Hroth knockdown embryos at the equivalent of the middle tailbud stage. Hrlim expression was lost from the sensory vesicle territory but not the putative visceral ganglion region in Hroth knockdown embryos (Fig. 4B) . HrPax37 expression was severely reduced and detected only in a few cells in the sensory vesicle territory, while the expression in the putative visceral ganglion region seemed to be unaffected (Fig. 4D ,E: note that ectopic expression of HrPax37 was observed in the anterior epidermis in these embryos as described in Section 2.5). In fact, HrHox-1 expression was detected in the region of the putative visceral ganglion in Hroth knockdown embryos (Fig. 4I) . Furthermore, HrPax258 expression, an indicator of the neck, was evident in the neural tube cells at the junction between the trunk and tail in Hroth knockdown embryos ( Fig. 4G ; in these embryos, HrPax258 was expressed, like HrPax37, in the anterior epidermis as described in Section 2.5).
Taken together, these results indicated that gene expression profile became abnormal in the sensory vesicle territory but not in the more posterior parts of the neural tube. In other words, these results suggest that in Hroth knockdown embryos, subdivision of the neural tube into the four distinct territories (the sensory vesicle, neck, visceral ganglion and caudal neural tube) occurred, . (A,B) Hrlim expression. In a control embryo (A), the expression was detected in two domains of the sensory vesicle (arrows) and the visceral ganglion (an arrowhead). In an Hroth knockdown embryo (B), the expression in the sensory vesicle was lost, while that in the visceral ganglion (arrowheads) was evident. (C-E) HrPax37 expression. In a control embryo (C), HrPax37 expression is detected in anterior and posterior parts of the sensory vesicle (arrows) and the visceral ganglion (arrowhead). In a Hroth knockdown embryo (D,E), the expression was abnormal in the anterior-dorsal part of the trunk epidermis (braces). Beneath this expression domain, a pair of positive cells (arrows) that is thought to be sensory vesicle cell was present, showing severe reduction of the expression in the sensory vesicle. Arrowheads indicate the expression in the visceral ganglion. (F,G) HrPax258 expression. In a control embryo (F), the expression was detected in the neck (an arrowhead). In an Hroth knockdown embryo (G), the expression was also detected in the neck (arrowheads) although additional abnormal expression was found in the anterior epidermis (a brace). (H,I) HrHox-1 expression. In a control embryo (H), the expression was detected in the visceral ganglion (an arrowhead) and middle part of the epidermis. In an Hroth knockdown embryo (I), the expression was also confined to the visceral ganglion (arrowheads) and the epidermis of the middle part of the embryo. (J,K) Hrdll-1 expression. In a control embryos (J), the expression was detected in the anterior tip of the epidermis (an arrow) that later forms the adhesive organ. This expression was lost in an Hroth knockdown embryo (K). but further regional subdivision within the sensory vesicle territory was altered. It should be noted that transformation of the sensory vesicle into the neck and/or the visceral ganglion, or anterior shift of the neck and/or the visceral ganglion was not observed in Hroth knockdown embryos. Change in gene expression in the neural tube of Hroth knockdown embryos is summarized in Fig. 5A . Fig. 5 . Summary of gene expression profiles of normal and Hroth knockdown embryos at the equivalent of middle tailbud stage. Left diagrams represent normal embryos while right ones represent Hroth knockdown embryos. Color codes for genes are indicated at the bottom. Expression domains of genes and their relative positions in normal embryo were determined in combination with our own observations and descriptions by Wada et al. (1998 . With regard to Hroth knockdown embryos, expression domains of genes and their relative positions were determined based on the morphology and comparison among specimens. (A) Gene expression profiles in the neural tube. Importantly, the effect of Hroth knockdown was restricted to the sensory vesicle territory normally marked by Hroth expression. SV, VG and CNT indicate the sensory vesicle, visceral ganglion and caudal neural tube, respectively. HrTBB2 expression sites in the tail represent the epidermal neurons. (B) Gene expression profiles in the epidermis. Hrdll-1 expression was lost and unusual expression of HrPax37 and HrPax258 was evident in the anterior epidermis of Hroth knockdown embryos. Note that Hroth is expressed in the anterior epidermis of Hroth knockdown embryos, although the level of its expression was decreased. As in the neural tube, the abnormal gene expression in the epidermis was observed only in the anterior part of the trunk, which would normally be marked by Hroth expression.
Regional specification of the anterior epidermis and development of the adhesive organ is altered in Hroth knockdown embryos
As described above, Hroth knockdown embryos lacked the palps of the adhesive organ, which would otherwise form at the anterior tip of the trunk. In this region, HrTBB2 and Hrdll-1 (an ascidian homologue of Distal-less; Katsuyama and Saiga, in preparation; are expressed (Figs. 3C,4J) . We examined expression of these genes in the knockdown embryos at the equivalent of middle tailbud stage to determine whether adhesive organforming region is specified under Hroth knockdown conditions. Expression of HrTBB2 and Hrdll-1 in the anterior tip of the epidermis was not detected in Hroth knockdown embryos (Figs. 3D,4K) .
Then, we asked whether the epidermis other than the adhesive organ-forming region is specified properly. For this, we examined epidermal expression of Hroth in knockdown embryos. Expression of Hroth in the anterior trunk epidermis was detected in Hroth knockdown embryos, which was, however, at a severely reduced level (Fig. 3B) . Therefore, it is likely that not only the adhesive organ-forming region but also a broader domain of the anterior epidermis was affected by Hroth knockdown. In consistent with this observation, we noticed that HrPax258 and HrPax37 were abnormally expressed in the anterior part of the epidermis of Hroth knockdown embryos at the equivalent of middle tailbud stage. Notably, expression domain of HrPax258 in the epidermis seemed to overlap normal Hroth-expressing region (Fig. 4G) . Expression domain of HrPax37 in Hroth knockdown embryos seemed to correspond to the dorsal side of this region (Fig. 4D,E) . In normal development, HrPax258 is expressed in almost the entire epidermis at the neurula through initial tailbud stage but this epidermal expression disappears by the middle tailbud stage. Similarly, HrPax37 is transiently expressed in the dorsal midline epidermis at the neurula stage. The abovementioned abnormality in the gene expression in the anterior epidermis is unlikely due to general retardation of development, because epidermal expression of these genes was down-regulated in the middle to posterior part of these embryos, as in normal embryos. Consistently, HrHox-1 expression was observed in the middle epidermis (Fig. 4I) , like in normal embryos, suggesting that the effect of Hroth knockdown is limited to the anterior epidermis.
In summary, the above observations suggest that not only the adhesive organ-forming region but also a broader region of the anterior epidermis is affected by Hroth knockdown and that Hroth may be involved in both activation and suppression of gene expression to achieve proper patterning of the anterior region. The results are summarized in Fig. 5B .
Discussion
Roles of Hroth in the development of the sensory vesicle
In the present study, we have investigated the function of Hroth by translational inhibition with antisense MO. Hroth knockdown larvae lacked the sensory pigment cells and cavity of the sensory vesicle, suggesting that Hroth is required for steps of sensory vesicle formation. Since Hroth expression in the sensory vesicle lineage starts at the 32-cell stage and continues until swimming larva stage (Wada et al., 1996b) , it is likely that Hroth is involved in various steps of sensory vesicle development. To determine the steps, we analyzed expression of various marker genes in Hroth knockdown embryos. Analysis of HrzicN and HrEpiG expression suggested that choice of the neural fate by sensory vesicle precursors occurs properly in Hroth knockdown embryos. Formation of the sensory vesicle territory was supported by the expression of Hroth in the forming region of the anterior neural tube and by the expression of HrHox-1, Hrlim, HrPax37 and HrPax258 in the more posterior regions of the neural tube. By contrast, the sensory vesicle territory failed to differentiate in Hroth knockdown embryos as shown by expression analysis of marker genes that are expected to be involved in differentiation (HrTBB2, HrTRP and HrTYR) and regional specification (Hrlim and HrPax37) of the sensory vesicle. These results suggest that Hroth is required for the differentiation of the sensory vesicle territory but not required for either acquisition of the neural fate by the sensory vesicle precursors or the specification of the sensory vesicle territory.
Previously, we showed through a set of overexpression experiments that Hroth activates expression of HrTRP and HrTBB2 and suppresses expression of an epidermis marker in whole embryos, animal hemisphere explants and cleavage arrested embryos . Based on these results, we proposed that Hroth facilitates adoption of a neural fate by sensory vesicle precursors . The present study showed that Hroth is not required for such a process. The reason for this discrepancy is unclear, but results of overexpression and loss-of-function experiments are often conflicting, because the former shows potential capability of a gene, while the latter only clarifies the necessity of the gene. It is possible that other factor(s) play a similar and redundant role in acquisition of neural fate by the sensory vesicle precursors. Therefore, the possibility that Hroth is involved in choosing the fate of sensory vesicle precursors still remains to be tested further. On the other hand, the idea that Hroth participates in sensory vesicle differentiation is now supported by the results of both types of experiments. Also, our recent finding that Hroth acts as a direct activator of HrTRP transcription supports this view.
In our previous overexpression experiments, expression of HrBra in notochord precursors as well as expression of a muscle-specific actin gene is suppressed in Hroth-overexpressed embryos . However, specification of both tissues seems normal in Hroth knockdown embryos. Again, this inconsistency may due to the difference in the experimental method and should be studied further.
Comparison of Hroth knockdown embryos with Otx mutant mice
In the mouse, roles of Otx1 and Otx2 have been demonstrated through gene knockout experiments. In Otx2 null mutant mice, specification of the anterior neuroectoderm is impaired, which leads to the loss of forebrain and midbrain regions (Acampora et al., 1995; Ang et al., 1996; Matsuo et al., 1995) . Although the gut, notochord and somites formed, they were not completely normal (Acampora et al., 1995; Ang et al., 1996; Matsuo et al., 1995) . These phenotypes are similar to those of Hroth knockdown embryos, in which the sensory vesicle was mainly affected, while endodermal and mesodermal tissues were formed.
Nevertheless, there are two notable differences in the involvement of otx in neural tube formation between ascidians and mice. The first is the requirement of otx expression for neural induction. In Otx2 null mice, transcription of Otx2 in the neuroectoderm is severely disturbed, resulting in the loss of forebrain and midbrain territories (Acampora et al., 1995) . This is primarily due to failure of the anterior visceral endoderm to induce forebrain and midbrain territories (Rhinn et al., 1998) . In ascidian embryos, it is known that the vegetal cells induce formation of the sensory vesicle territory as marked by Hroth expression (Hudson and Lemaire, 2001; . However, unlike Otx2, requirement of Hroth seems to be less important for this induction. This was suggested by two observations: first, the sensory vesicle territory demarcated by Hroth expression was evident in precursors of the anterior neural tube in Hroth knockdown embryos, and second, loss of the sensory vesicle was evident when the MO was introduced into anterior-animal but not anteriorvegetal pair cells at the 8-cell stage. Although a possibility cannot be excluded that translational inhibition of Hroth by the MO may not be complete in the anterior-vegetal cells, it is possible that the requirement of otx function during induction of the anterior neural tube territory differs between ascidians and mouse.
The second difference in the involvement of otx in neural tube formation between ascidians and mice is the necessity of otx function in positioning the midbrain -hindbrain boundary. In mouse embryos, this region acts as an organizer to pattern adjacent regions of the neural tube. In the ascidian embryos, the neck of the neural tube has been proposed to be homologous to the midbrain -hindbrain boundary of vertebrates (Wada et al., 1998; Imai et al., 2002) , although a role of the neck in patterning of the neural tube has not yet been examined. Otx1 2/2 ;Otx2 2/þ mice exhibit improper regional specification or re-patterning of the mesencephalon and its adjacent region such as transformation of the mesencephalon into metencephalon (Acampora et al., 1997; Suda et al., 1996 Suda et al., , 1997 . The re-patterning is suggested to be due to ectopic expression of Fgf-8 that is normally expressed in the midbrain -hindbrain boundary (Acampora et al., 1997) . As for the neural tube of Hroth knockdown embryos, HrPax258 expression that demarcates the neck of the neural tube was normal and there was no evidence to suggest such re-patterning processes, since transformation of the sensory vesicle into more posterior regions was not observed. Therefore, unlike mouse Otx genes, Hroth seems not to be required for positioning of the midbrain -hindbrain boundary. The fact that Ciona intestinalis Fgf-8/17/18 is expressed in the visceral ganglion and its expression does not overlap with that of Ci-otx (Imai et al., 2002) provides additional evidence that the neck region of ascidians may not be functioning like the midbrain/hindbrain region in vertebrates.
Roles of Hroth in adhesive organ formation and regional specification of the anterior epidermis
Hroth is expressed in the adhesive organ lineage cells from the 32-cell stage to the swimming larva stage except for the early to middle tailbud stage (Wada et al., 1996b) . In addition, Hroth is expressed in the anterior trunk epidermis from the neural plate to the swimming larva stages. Therefore, the epidermal phenotype of Hroth knockdown embryos seems to correspond well to the expression pattern of Hroth.
In Hroth knockdown embryos, palps of the adhesive organ and expression of HrTBB2 and Hrdll-1 that would demarcate the adhesive organ-forming region were lost simultaneously, suggesting a role of Hroth in the adhesive organ formation. We have shown that both formation of the adhesive organ and epidermal expression of Hroth depend on the inductive influence emanating from the A-line cells by the late 32-cell stage . Therefore, Hroth expression in the a-line cells induced by the A-line cells by the 32-cell stage, is likely involved in the formation of the adhesive organ. In Xenopus embryos, Xotx2 has been shown to control differentiation of the cement gland (Sive and Bradley, 1996) . It has been suggested that the adhesive organ of ascidian embryos and the cement gland of Xenopus embryos are homologous (Sive and Bradley, 1996; Katsuyama and Saiga, 1998) , although this has not been widely accepted. If this is the case, control of formation of the adhesive organ/the cement gland may be a conserved function of otx between ascidian and Xenopus.
Recently, it has been proposed that development of the adhesive organ can be divided into two distinct phases: one is retinoic acid insensitive cell-type specification step that leads to expression of some marker genes and the other is retinoic acid sensitive morphogenetic process that forms the palps (Yagi and Makabe, 2002) . In Hroth knockdown embryos, both steps seem to be damaged so that Hroth likely acts in cell-type specification step or an earlier step of adhesive organ development.
Expression analyses of Hroth, HrPax37 and HrPax258 revealed that not only the adhesive organ-forming region but also a broader region of the anterior epidermis that overlaps the expression domain of Hroth was affected in Hroth knockdown embryos. Expression of Hroth was downregulated, while that of HrPax37 and HrPax258 was up-regulated in the knockdown embryos. Therefore, Hroth seems to play a role in regional specification of the anterior epidermis by activating and repressing expression of downstream genes. Recently, we demonstrated that Hroth acts as a transcriptional activator of HrTRP in the sensory vesicle . It will be interesting to examine how Hroth controls epidermal expression of Hroth, HrPax37 and HrPax258.
Experimental procedures
Embryos
Adult ascidians, H. roretzi, were obtained from fishermen near Asamushi Marine Biological Station, Tohoku University, Aomori, Japan and Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, Japan. Naturally spawned eggs were fertilized with a suspension of sperm from other individuals. Fertilized eggs were raised at 11-13 8C in Millipore-filtered seawater containing 100 mg/ml streptomycin and 100 units/ml penicillin.
Microinjection and treatment with cytochalasin B
Microinjection was carried out as described previously . DNA to be injected was dissolved in 0.1 £ TE buffer and synthetic RNA and morpholinos were dissolved in distilled water. Each microinjection was conducted at least twice. Treatment with cytochalasin B was carried out as described previously (Hirano and Takahashi, 1984) . For control experiments, 54 pg of mRNA, 2 pg of DNA and/or MO at the final concentration of 10 mM were injected into eggs.
Construction of expression plasmids for in vitro transcription of mRNA
All plasmids for in vitro transcription were generated using pBluescriptRN3 (Lemaire et al., 1995) as an expression vector. The expression plasmids for Hroth and mHroth SphI mRNA (pRN3/Hroth and pRN3/mHroth SphI ) were described previously . To generate the expression plasmid for LacZ/Hroth, the PCR fragments amplified from pSV-b-Gal with primers PPDAMPUS and LACJ1, and from Hroth cDNA with primers LACJ2 and OTH700, were digested with Bam HI and Hha I and with Hha I and Sph I, respectively, and cloned into Bgl II/Sph I-digested pRN3/Hroth. To generate the expression plasmid for LacZ (pRN3/LacZ), full length of LacZ was released from p46.21 by digestion with Hind III and Bam HI, treated with Klenow fragment, and cloned into Not I (blunted)-digested pBluescriptRN3. To generate the expression plasmid for Hroth/LacZ, the Hroth fragment released from pRN3/Hroth by digestion with Bgl II and Asp I was cloned into Bgl II/Age I-digested pRN3/LacZ together with the LacZ fragment amplified from p46.21 by PCR with primers OTH5UL and PPDSEQ3 and digested with Asp I and Age I. Primers were as follows:
0 . In vitro transcription was carried out using mMessage mMachine (Ambion) as described previously .
Design of morpholinos and test of translational inhibition of Hroth mRNA
Antisense MOs were obtained from Gene Tools. Sequence of HrothMO1 has been reported previously . Sequence of HrothMO2 is 5 0 -AATCAGTTGCAATACCTTTTGAAGA-3 0 . As a negative control, 'standard control oligo' supplied by Gene Tools was used.
At present, there is no available antibody to allow us to measure the change in Hroth protein level caused by application of MOs. Therefore, the ability of HrothMO1 or HrothMO2 to inhibit translation was checked by two different sets of control experiments. In the first set of experiments, effect of MOs on translation of Hroth/LacZ mRNA (a chimeric mRNA in which the 5 0 UTR and the initiation codon of LacZ mRNA were substituted by the 5 0 UTR and the first 48 bp of ORF of Hroth mRNA that includes target sites for HrothMO1 and HrothMO2) was examined in the cleavage-arrested embryos by addition of cytochalasin B at the 1-cell stage. We employed cleavagearrest treatment to reduce uneven distribution of the injected molecules in the embryo, although cleavage-arrested embryos and non-cleavage-arrested embryos gave essentially the same results. When Hroth/LacZ mRNA (54 pg) alone was injected into fertilized eggs, 96% of the injected embryos were positive for X-Gal staining. By contrast, when fertilized eggs were co-injected with Hroth/LacZ mRNA (54 pg) and HrothMO1 or HrothMO2 (final concentration: 10 mM), no injected embryos showed X-Gal staining (data not shown). Neither application of HrothMO1 nor HrothMO2 altered b-galactosidase activity in embryos injected with original LacZ mRNA (upon injection with LacZ mRNA alone, LacZ mRNA together with HrothMO1 and LacZ mRNA together with HrothMO2, 95, 79 and 89%, respectively; of the injected embryos showed positive X-Gal staining; data not shown), indicating that the effect of MOs depends on the presence of the target site in the mRNA. In the second set of control experiments, effect of MOs on transactivation of HrTRP promoter/LacZ reporter construct by Hroth was examined in cleavage-arrested embryos. For these experiments, we prepared two types of Hroth mRNA. One was the wild type Hroth mRNA, and the other LacZ/ Hroth mRNA. The latter is an artificial mRNA in which the 5 0 UTR of Hroth was substituted by the 5 0 UTR and the first 30 bp of the ORF of LacZ. Thus, the mRNA of LacZ/Hroth, lacking the target site for HrothMO2, is free from HrothMO2 inhibition. Also, HrothMO1 was expected to fail to inhibit translation of LacZ/Hroth mRNA despite the presence of the target site for HrothMO1, because it locates 29 nucleotides 3 0 to the initiation codon, the location of which is expected not to allow MO to exert its effect (Summerton, 1999) . The transactivation of the reporter construct (1.6 pg) by wild type Hroth mRNA (54 pg) was severely inhibited by application of HrothMO1 or HrothMO2 (final concentration: 10 mM; 87% of the injected embryos were positive for X-Gal staining in the absence of MOs, while only 18 and 13% were positive of the injected embryos in the presence of HrothMO1 and HrothMO2, respectively; data not shown). By contrast, neither HrothMO1 nor HrothMO2 suppressed the transactivation by LacZ/Hroth mRNA (89% of the injected embryos were positive for X-Gal staining in the absence of MOs, while 78 and 98% were positive of the injected embryos in the presence of HrothMO1 and HrothMO2, respectively; data not shown). These results indicate that MOs we used are capable of suppressing translation of Hroth mRNA, following the proposed mechanism of action. 4.5. Histochemical staining for b-galactosidase, wholemount in situ hybridization and histochemical staining for alkaline phosphatase
Reporter gene expression was visualized by histochemical staining for b-galactosidase as described previously (Hikosaka et al., 1994) . Marker gene expression was visualized by whole-mount in situ hybridization as described previously . Histochemical staining for alkaline phosphatase was carried out according to Nishida (1993) .
